Wei H, Vander Heide RS. Heat stress activates AKT via focal adhesion kinase-mediated pathway in neonatal rat ventricular myocytes.
. The purpose of this study was 1) to examine the subcellular signaling pathways activated by HS; 2) to determine whether myocardial stress organizes and activates an integrated survival pathway; and 3) to investigate potential downstream cytoprotective proteins activated by HS. After HS, NRVM were subjected to chemical inhibitors (CI) designed to simulate ischemia by inhibiting both glycolysis and mitochondrial respiration. Protein kinase B (AKT) expression (wild type) was increased selectively with an adenoviral vector. Cell signaling was analyzed with Western blot analysis, while oncosis/apoptosis was assayed by measuring Trypan blue exclusion and/or terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining, respectively. HS increased phosphorylation of focal adhesion kinase (FAK) at tyrosine 397 but did not adversely affect the viability of NRVM before CI. HS increased association between FAK and phosphatidylinositol 3-kinase as well as causing a significant increase in AKT activity. Increased expression of wild-type AKT protected myocytes from both oncotic and apoptotic cell death. Increased expression of a FAK inhibitor, FRNK, reduced AKT phosphorylation in response to HS both at time 0 and after 10 min of CI compared with myocytes expressing empty virus. We conclude that myocardial stress activates cytoskeleton-based signaling pathways that are associated with protection from lethal cell injury. cell signaling; protection; ischemia SUSTAINED PERIODS of myocardial ischemia eventually result in irreversible myocyte injury and cell death that manifests in myocardium as coagulation necrosis. In contrast, brief episodes of ischemia (i.e., generally Ͻ20 min) result in a mild injury pattern that is reversible on restoration of normal arterial blood flow. Despite many years of active research, the exact series of events underlying the transition from reversible to irreversible injury remains elusive. It is known that certain interventions are capable of modulating or delaying the onset of irreversible injury in experimental model systems such as hypothermia (2, 14, 15) , calcium channel blockade (18, 24, 37) , heat stress (HS) (19) , and ischemic preconditioning (IP) (17, 21, 29, 33) . However, even in experimental model systems, the mechanisms responsible for protection are not fully known.
IP is known to provide the most dramatic and consistent protection against lethal cell injury, but the mechanism of protection has remained controversial. During investigations of the mechanism of IP, a wide range of pharmacological agents were described that could mimic the protective effect of IP, giving rise to the concept of "pharmacological preconditioning." These studies showed that activation of a variety of membrane receptors, including adenosine, ␣ 1 -adrenergic, muscarinic, angiotensin, and bradykinin receptors, induced a cardioprotective effect similar in magnitude to IP and gave rise to suggestions that the subcellular signaling pathways utilized by these receptors may underlie the mechanism of IP (3, 23, 30, 41) . The earliest studies suggested one specific protein kinase; protein kinase C (PKC) may be the final common pathway. However, further investigation showed that the subcellular signaling pathways triggered by receptor occupancy activated additional signaling proteins that may be equally important in providing cardioprotection. As a result, there is no unifying hypothesis to explain the diverse proximal activators of protection described in pharmacological IP.
Focal adhesion kinase (FAK) is a nonreceptor protein tyrosine kinase that normally exists in nonmuscle cells at cellto-matrix junctions known as focal adherens or focal adhesion junctions and is activated in response to cell adhesion, integrin clustering, and growth factor stimulation (28) . FAK binds to integrins (cell surface receptors) as well as several intracellular proteins that are important in signal transduction including paxillin, tensin, p130 CAS , talin, and vinculin (27, 34) . Paxillin (cytoskeletal/adapter protein) and p130 CAS (docking protein) concentrate and facilitate cell signaling proteins at the focal adhesion site (27) . FAK plays a critical homeostatic/survival role because it transduces extracellular matrix-derived survival signals to the inside of the cell (4). Consequently, this cell signaling complex (integrin-FAK-paxillin), localized at the focal adhesion, has been shown to play an important role in maintaining cell survival/viability in nonmuscle cells (11-13, 25, 35, 36) .
Although myocytes are not thought to contain focal adherens junctions proper (except when in culture), they contain an analogous structure called the costamere. Costameres are vinculin-containing bandlike structures that encircle myocytes perpendicular to the long axis and localized to the Z disk/I band region (see Fig. 1 in Ref. 26) . Studies have shown that mechanical loads are transmitted bidirectionally through costameres, and therefore signaling molecules localized at the costameric junction, such as FAK, have been investigated primarily in relation to myocardial hypertrophy (26) . However, immunohistochemistry studies have shown that virtually all of the proteins present in costameres are localized at focal adhesions when cells attach and spread in culture, making our model system utilizing neonatal rat ventricular myocytes (NRVM) ideal for the study of FAK-related signaling pathways. Interestingly, it is possible that FAK activation may play an important role in acute cellular protection, since FAK has been linked with downstream activation of the well-known antiapoptotic kinase protein kinase B (PKB)/AKT (11) . However, to our knowledge FAK-related signaling pathways have not been investigated in acute ischemic cell injury.
We previously demonstrated (39) that the myocardial stress associated with HS causes increased interaction between integrin and FAK, increased paxillin in the membrane fraction of cell lysates, and protection against lethal ischemic injury. Therefore, we propose that myocardial stress activates a protective signaling pathway in myocytes that is initiated by activation of FAK. The purpose of the present study was to characterize the subcellular signaling pathways activated by myocardial stress and to determine whether activation of the pathway results in protection from lethal cell injury through activation of AKT. Isolation of neonatal myocytes. For each isolate, the ventricular portions of six or seven hearts from 1-to 2-day-old rats were pooled and gently agitated overnight at 4°C with trypsin (0.1 g in 100 ml) in Hanks' balanced salt solution (HBSS). The next day, the myocytes were digested further with serial incubations in collagenase (0.07 g in 100 ml HBSS). The final cell isolate was centrifuged for 3 min at 1,000 rpm and 4°C. The resulting supernatant was discarded, and the cells were resuspended in ice-cold DMEM, transferred to a 50-ml conical tube, and centrifuged again for 4 min at 1,000 rpm and 4°C. The resulting supernatant was discarded, and the cell yield was determined with a hemocytometer. Each isolate yielded enough cells for three six-well plates, with each well containing 2-3 ϫ 10 6 cells plated at a density of 2 ϫ 10 3 /mm 2 . Cell culture. After isolation and purification, the myocytes were resuspended in DMEM supplemented with antibiotics (penicillinstreptomycin and gentamycin to inhibit bacterial growth) and cultured on standard six-well plates or 35-mm dishes (Corning, Corning, NY). Cells were placed in each well and allowed to attach for 1 h to reduce the number of fibroblasts in the final preparation. After 1 h, the cells were removed and transferred to a fresh plate with fresh medium before initiation of the experimental protocol. Previous studies (40) have shown that this procedure results in Ͼ95% myocytes.
MATERIALS AND METHODS

All
Experimental design/protocol. Myocytes were divided into two main groups: control and heat stressed (myocardial stress). Myocytes subjected to HS were subdivided into two additional groups, each of which was subjected to simulated ischemia. For studies of signaling pathways, myocytes were treated with Յ30 min of simulated ischemia. For studies of cell injury/death, the duration of simulated ischemia was extended to 150 min or the myocytes were subjected to simulated reperfusion by removal of the chemical inhibitors (CI) after 30 min of simulated ischemia. For all studies, the number of separate replicates (i.e., isolates) is indicated in RESULTS and in Figs. 1-9 . Data from at least three separate cell isolations were averaged for all cell injury data [i.e., Trypan blue (TB)/terminal deoxynucleotidyltransferasemediated dUTP nick end labeling (TUNEL) counts]. Western blot data were generated in parallel from the same isolates as the cell injury data.
Induction of HS in NRVM. HS was used as a myocardial stress. Briefly, myocytes were subjected to HS by rapidly increasing the temperature of the culture plates to 42°C for 20 min, followed by 18 -20 h of recovery at 37°C. Control myocytes were cultured in parallel at 37°C but not subjected to HS.
Simulated ischemia and/or reperfusion. To induce ischemia, the culture medium was removed and replaced with PBS containing 1.0 mM iodoacetic acid to inhibit glycolysis and 1.0 mM amobarbital to inhibit mitochondrial respiration as described previously (40) . In studies of apoptotic cell death, myocytes were returned to fresh culture medium without inhibitors ("reperfused") after the indicated period of incubation with medium plus inhibitors.
Western blot procedures. Myocytes were harvested for protein analysis by standard Western blot techniques as described previously (40) . For analysis of subcellular fractions, myocytes were separated into three fractions according to our previous methodology (40) . Western blot analysis of the membrane fraction showed the absence of positive staining for myosin heavy chain compared with cytoskeletal and cytosolic fractions and an enrichment in Na Coimmunoprecipitation. For these experiments myocytes were cultured on standard six-well or 35-mm culture plates. After infection with virus, induction of HS, or induction of metabolic inhibition, cells from two 35-mm dishes were rinsed with PBS at room temperature and immunoprecipitation lysis buffer was added to the cultured myocytes. The immunoprecipitation lysis buffer contained 150 mM NaCl, 1% Triton X-100, 50 mM Tris ⅐ HCl, pH 7.5, a cocktail of protease inhibitors [in mM: 10.4 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBST), 0.2 leupeptin, 0.4 bestatin, 0.15 pepstatin A, and 0.14 E-64, with 8 M aprotinin], and phosphatase inhibitors (1 mM Na3VO4 and 10 nM okadaic acid). The myocytes were scraped from the culture dish, passed through a 26.5-gauge needle, and placed in a microcentrifuge tube. The lysates were incubated on ice for 45 min and centrifuged at 18,000 g for 15 min at 4°C. Approximately 0.4 ml of the supernatant containing equal amounts of protein (confirmed by BCA protein assay) was incubated with 5 l of mouse anti-FAK antibody (Upstate Cell Signaling no. 06-543) or anti-phosphotyrosine (PY20) for 3 h at 4°C. Twenty-five microliters of protein A/G agarose was then added, and the lysate was rocked gently overnight at 4°C. The cell pellet was collected by centrifugation at 18,000 g for 30 s at 4°C and washed four times with immunoprecipitation lysis buffer. After the final wash, the supernatant was discarded and the pellet was resuspended in sample buffer and subjected to SDS-PAGE. The separated proteins were transferred to nitrocellulose membranes and probed for PI3K-p85 with anti-PI3K-p85 (1:1,000 dilution) or for pPYK2 with anti-PYK2 (1:1,000 dilution; BD Transduction Laboratories) followed by secondary antibody conjugated to peroxidase (1:1,000 dilution; Roche Diagnostics). Membranes were probed with the same chemiluminescence system described for routine Western blots. For quantitative Western blot analysis, films were scanned and data are reported in arbitrary units and/or percent elevation over control cells.
Integrin linked-kinase assay. Initial cell lysates were generated as described above. After the whole cell lysate was precleared with normal rabbit IgG, ϳ0.4 ml of the supernatant containing equal amounts of protein (confirmed by BCA protein assay) was incubated with 5 l of rabbit anti-integrin-linked kinase (ILK) antibody (Cell Signaling no. 3862) for 3 h at 4°C. Twenty-five microliters of protein A agarose was added, and the lysate was rocked gently overnight at 4°C. The cell pellet was collected by centrifugation at 18,000 g for 30 s at 4°C and washed twice with immunoprecipitation lysis buffer and twice with kinase buffer (Cell Signaling no. 9802). After the final wash, the pellet was resuspended in kinase buffer supplemented with 1 l of 10 mM ATP and 1 g of GSK-3 fusion protein (Cell Signaling no. 9278). After 30 min of incubation at 30°C, the reaction was terminated with sample buffer and subjected to SDS-PAGE. After transfer, the membrane was probed for pGSK-3 with antibody (GSK-3␣/␤ ser 21/9) followed by secondary antibody conjugated to peroxidase as above. Quantification was carried out as described above.
Cell injury assay. Either TB or TUNEL staining was used as an indication of cell death. TB is a vital dye excluded by viable cells with intact cell membranes and is well documented as an indicator of oncotic cell death. Briefly, cells were gently trypsinized from the culture surface and neutralized with serum, and a small volume of 1% TB was added to cells from each dish. TUNEL staining was performed as indicated in the manufacturer's instruction kit (ApopTag; Chemicon International). For TB staining, cells were counted immediately after addition of the dye to prevent counting of nonspecific stained cells, which occur over time. A cell was considered TB positive if the entire cytoplasm was diffusely stained with any shade of blue and TUNEL positive when unequivocal bright nuclear staining was identified. The total numbers of viable cells and positive (dead) cells were counted with a Nikon TE300 inverted immunofluorescent microscope, and the resulting data are presented as the percentage of cells either TB positive or TUNEL positive. All cell counts were performed in a blinded fashion by two different observers to ensure objectivity.
Statistics. Each myocyte isolate generates control and experimental groups, and therefore each isolate served as its own control. All Western blot data are expressed as means Ϯ SE (in arbitrary units). Statistically significant differences between groups were tested with a paired t-test analysis. A P value Ͻ0.05 was considered statistically significant.
RESULTS
Effect of HS on FAK activity. In our model system, HS caused a significant activation of FAK as measured by phosphorylation of FAK tyrosine residue 397 (Fig. 1) . Furthermore, myocytes subjected to prior HS contained more activated FAK than control (nonstressed) myocytes subjected to the same duration of sustained ischemia even though the total amount of FAK protein present in each sample was the same (Fig. 1) .
Effect of prior HS on association of FAK and phosphatidylinositol 3-kinase. Phosphatidylinositol 3-kinase (PI3K) is a signaling protein that is known to link FAK with downstream protective proteins such as AKT (5, 6) . Figure 2 shows that prior HS increases the amount of PI3K present in the membrane fraction both immediately after HS as well as 10 min after the onset of simulated ischemia. Figure 3 depicts immunoprecipitation data showing that prior HS increases the association between FAK and PI3K both immediately after HS and after 10 min of simulated ischemia. Importantly, the total amount of FAK was not different between the two groups in Fig. 3 , indicating a HS-specific effect on FAK-PI3K interaction.
Effect of HS on PKB/AKT activity. Activation of AKT, a well-known protective signal, has been linked to FAK through PI3K (7, 22) . To measure AKT activity, we measured phosphorylation of AKT at serine 473, a site associated with increased AKT activity. Figure 4 demonstrates that HS causes a significant increase in AKT Ser473 phosphorylation before ischemia compared with control NRVM. HS also caused an increase in phosphorylation of AKT at threonine 308, another residue important in activation of AKT activity (data not shown).
Evidence that AKT is protective in NRVM. Previous studies have shown that HS is protective in our model system against both oncosis and apoptosis (39) . Activation of AKT has been linked to FAK through PI3K (6) . Figure 4 shows that HS increases phosphorylation of Ser473 on AKT (associated with increased AKT activity), and therefore we sought to determine whether direct activation of AKT was protective in our model system. To stimulate AKT directly, we increased expression of wild-type AKT within NRVM with an adenoviral vector (kindly supplied by Dr. Ken Walsh; Boston University; Boston, MA). Figure 5A shows that the adenovirus causes a significant increase in AKT activity at time 0 (as indicated by phosphorylated AKT) compared with NRVM infected with an empty adenovirus (SR virus). More importantly, Fig. 5B shows that when activation of AKT is increased in NRVM lethal oncotic injury (as measured by TB permeability) is significantly reduced compared with NRVM infected with the empty adenovirus. Figure 5C shows that when activation of AKT is increased apoptotic injury (as measured by TUNEL staining) is also significantly reduced compared with myocytes infected with the empty adenovirus.
To further support the role of the proposed pathway in cardioprotection, we interrupted the pathway by pretreating one group with the PI3K inhibitor wortmannin (100 nM) before HS and subsequent CI. The control group was incubated in parallel with normal medium before HS and subsequent CI. Importantly, inhibition of PI3K with wortmannin inhibited HS-induced AKT phosphorylation at Ser473 (Fig. 6A) . Figure  6B shows that inhibition of PI3K with wortmannin almost completely blocked HS-induced protection. Wortmannin alone did not significantly affect cell death compared with control myocytes (data not shown).
Effect of HS on proline-rich tyrosine kinase 2 and ILK activity.
Proline-rich tyrosine kinase 2 (PYK2) has been shown to serve as a scaffolding protein for phosphoinositol-dependent kinase 1 (PDK1) in myocytes (10) . PDK1 can phosphorylate/ activate AKT at Thr308 and perhaps Ser473 and therefore could be responsible for the AKT activation we measured in response to HS. It is also possible that HS activates ILK that may in turn activate/phosphorylate AKT. Figure 7 shows that HS did not cause significant activation/tyrosine phosphorylation of PYK2. Similarly, to investigate the role of ILK in the activation of AKT, ILK activity was estimated by measuring GSK3-␣/␤ phosphorylation on Western blot. Figure 8 shows that ILK activity was not significantly increased by HS.
Effect of FRNK expression on AKT activation. Our previous study (39) showed that increased expression of the FAK inhibitor FRNK (focal adhesion kinase-related nonphosphorylatable kinase) resulted in increased ischemic injury compared with control NRVM expressing empty adenovirus. Since FRNK inhibited the activation of a key pathway member (FAK), HS-induced activation of AKT should also be reduced or inhibited. Figure 9 shows that at baseline (i.e., before HS or CI) increased FRNK expression has no effect on AKT activity as measured by Ser473 phosphorylation. However, FRNK expression prevented the HS-induced increase in AKT activation/phosphorylation. Moreover, after 10 min of CI, the amount of AKT activation was less in FRNK-expressing myocytes than control myocytes expressing empty virus. These results support the conclusion that interruption/inhibition of key members of the signaling pathway results in a reduced stimulation of the survival pathway and therefore reduced protection (Fig. 6 ) or increased cell injury (39) .
DISCUSSION
The present results extend the conclusions of our previous study regarding heat shock-induced cardioprotection (39) in several important ways. First, the present study demonstrates that, in addition to oncosis, HS also protects against apoptotic Compared with control myocytes, myocytes subjected to HS contained significantly more PI3K in the membrane fraction (*P Ͻ 0.05, C vs. HS, n ϭ 4; **P Ͻ 0.05, Cϩ10'CI vs. HSϩ10'CI, n ϭ 4). y-Axis data are plotted as fraction of control myocyte levels. ␤-Dystroglycan (a membrane protein) blotting confirmed equal loading between the samples. Fig. 3 . Effect of HS on interaction between FAK and PI3K in NRVM. Cell lysates from control myocytes or myocytes subjected to HS were prepared and immunoprecipitated (IP) with anti-FAK antibody and then subjected to electrophoresis. The resulting Western blot was stained with anti-PI3K-p85 antibody (IB; bottom). Compared with control myocytes, there was increased interaction between FAK and PI3K in myocytes subjected to HS, consistent with assembly and/or increased interaction between 2 key members of the proposed signaling complex (*P Ͻ 0.029, C vs. HS, n ϭ 4; **P Ͻ 0.06, Cϩ10'CI vs. HSϩ10'CI, n ϭ 4). y-Axis data are plotted as fraction of control myocyte levels. The total amount of FAK protein was not significantly different between the various groups. Fig. 4 . Effect of HS on activation of AKT in NRVM. NRVM were subjected to HS or control conditions. Cell lysates were probed for phosphorylated (p-)AKT ser473 to detect activated AKT. Compared with control myocytes, myocytes subjected to HS showed increased phosphorylation/activation of AKT (*P Ͻ 0.007, C vs. HS; **P Ͻ 0.05, 10'CI vs. HSϩ10'CI; n ϭ 3). y-Axis data are plotted as fraction of control myocyte levels. The amount of total AKT present in each sample was not significantly different.
cell death that becomes prevalent when NRVM are subjected to CI followed by reoxygenation. Similar to oncosis, the extent of apoptotic cell death increased as the duration of the simulated ischemic insult increased before reperfusion. Second, the present study shows that additional cytoskeleton-linked proteins are activated by HS, including FAK and PI3K, and that activation of the pathway results in activation of the known cardioprotective protein AKT. Third, activation of FAK/PI3K/ AKT is selective since other proteins linked to AKT activation, PYK2 and ILK, are not activated by HS. Fourth, inhibition of PI3K abolished the protective effect of HS, indicating that inhibition of key pathway members abolishes protection. Finally, expression of the FAK inhibitor protein FRNK inhibited HS-induced phosphorylation of AKT at time 0 as well as AKT phosphorylation 10 min after the onset of simulated ischemia, results consistent with our previous study (39) that showed that FRNK expression in nonstressed neonatal myocytes (i.e., interruption of the survival role of the proposed pathway) caused increased cell death.
HS and lethal injury. Although it is has been reported that HS protects myocardium against subsequent ischemia-reperfusion injury, most if not all prior studies have focused on the role of heat shock proteins (HSPs) per se in mediating the cardioprotective effect. Many mechanisms have been hypothesized to explain the protective role of HSPs in the cardiovascular system, including their role as chaperone proteins, their ability to inhibit caspase-dependent and caspaseindependent apoptotic stimuli and/or stabilize cytoskeletal proteins, and the ability of some family members to inhibit cytochrome c-dependent activation of procaspase-9 (1). However, the precise mechanism of cardioprotection is not known. Recently, it has been suggested that induction of a general cell stress response may be all that is necessary for cardioprotection (1) .
The results of the present study show for the first time that HS activates a series of linked subcellular signaling proteins that significantly reduces cell death in ventricular myocytes and support the notion that generalized myocardial stress activates a generalized cell survival/protection pathway in myocardium. . Total AKT protein was not different between conditions. B: in separate experiments, NRVM were incubated for 60 min with 100 nM wortmannin or with control medium (Con) before a standard HS protocol and then subjected to 60 min of simulated ischemia. HS significantly reduced lethal cell injury, but HS-induced protection was abolished by wortmannin pretreatment. *P Ͻ 0.02 Con vs. HS; P ϭ not significant (NS), Con vs. HSϩW; n ϭ 5.
Role of HS in assembling a cell survival signaling complex.
Our previous study (39) suggested a critical role for FAK in cell survival by showing that HS caused activation of FAK and decreased cell death while inhibition of FAK (through increased expression of FRNK) increased cell death. Therefore, one of the goals of the present study was to investigate further the role of HS in the assembly of an integrated signaling complex.
If cytoskeleton-based signaling is important in cell survival, then myocardial stress should result in the assembly/activation of the docking protein p130 cas into a membrane/cytoskeletonbased signaling complex. HS does indeed result in increased p130 cas in the membrane fraction (data not shown). This result, coupled with the data from our previous study (39) showing that HS both enhanced interaction between integrin and paxillin and increased localization of paxillin in the membrane fraction, suggests that stress results in the assembly of a signaling complex localized to the membrane fraction consisting of at least integrin, FAK, p130 cas , and paxillin. Although not specifically interrogated in this study, it is likely that talin and vinculin are also localized in the membrane-based signaling complex (9) .
Role of other signaling molecules. Although FRNK expression was used to specifically inhibit FAK activation in these studies, FRNK also inhibits the related protein PYK2. PYK2 has been shown to serve as a scaffolding protein for PDK1 in myocytes, and PDK1 can phosphorylate AKT at Thr308 and perhaps Ser473 (10). Furthermore, it is possible that HS activates the serine-threonine protein kinase ILK, which may in turn directly phosphorylate AKT and therefore account for the measured cardioprotective effect. Therefore, we investigated whether HS protection may in part be mediated through PYK2 and/or ILK activation. However, the results in Figs. 7 and 8 show that HS did not significantly increase either ILK or PYK2 activity, making a role for these important proteins unlikely in the cardioprotective effect of HS in our model system.
Role of AKT in survival pathway. Our data confirmed that HS reduced lethal ischemic injury in NRVM. However, if the cytoskeleton-based cell survival pathway is important, then the final mediator of protection should be linked with members of the proposed signaling complex. One known survival protein linked with FAK through PI3K is AKT. Although much of the original work describing the protective effect of AKT activation was carried out in cultured myocyte systems, subsequent studies showed a marked reduction in infarct size with in vivo models of ischemiareperfusion injury (8, 20) .
Four results from the present study support the notion that AKT plays an important protective role in our model system. First, we showed that HS caused activation of AKT (Fig. 4) . Second, we increased expression of wild-type AKT with an adenoviral expression vector and showed that increased expression of AKT resulted in reduction of both oncotic and apoptotic cell death (Fig. 5) . Third, we showed that inhibition of PI3K blocked both the increased phosphorylation of AKT and the protection resulting from HS (Fig. 6) . Finally, increased expression of FRNK inhibited HS-induced activation of AKT as well as reducing the amount of activated AKT present 10 min after the onset of simulated ischemia (Fig. 9) . Fig. 7 . Effect of HS on proline-rich tyrosine kinase 2 (PYK2) activity. NRVM were subjected to HS or treated for 10 min with PBS containing 5 M H2O2 (positive control). Extracts were immunoprecipitated with anti-phosphotyrosine (PY20) antibody, followed by probing for PYK2. Hydrogen peroxide was used as a positive control for PYK2 tyrosine phosphorylation. In contrast to hydrogen peroxide, HS had no effect on PYK2 phosphorylation. y-Axis data are plotted as arbitrary units of density. Representative blot is shown. n ϭ 4; P ϭ NS. Another group of myocytes were subjected to HS. In a separate control experiment (n ϭ 1), control myocytes were treated with 100 ng/ml insulin-like growth factor for 15 min as a positive control for ILK activity. Myocyte extracts were immunoprecipitated with anti-ILK antibodies, followed by an in vitro kinase assay using GSK-3 fusion protein as a substrate (see MATERIALS AND METHODS for details). Activation of ILK was measured by probing for anti-phospho-GSK-3␣/␤ (Ser 21/9). Total ILK protein present in each lane was detected with anti-ILK antibody after stripping the blot. The graph shows that neither HS nor FRNK infection resulted in increased ILK activity. y-Axis data are plotted as arbitrary units of density. Total ILK present was not different between groups. Representative blot is shown. P ϭ NS, HS vs. C and FRNK vs. SR; n ϭ 3.
The present results (Figs. 4, 5, 6, 9) , coupled with the results of our previous study showing that FRNK expression increases cell injury in nonstressed cells, strongly support the hypothesis that HS results in assembly and activation of a cytoskeletonbased cell survival pathway that results in activation of AKT, which is responsible for reducing cell death resulting from simulated ischemia-reperfusion injury.
Mechanism of AKT protection. The mechanism of AKT protection has been best described in apoptotic cell death, where it has been hypothesized to inhibit apoptotic cell death (caspase mediated) through three potential mechanisms: 1) phosphorylation of Bcl/Bcl-associated death promoter (BAD), which releases Bcl-2 family members (antiapoptotic); 2) direct phosphorylation of caspase-9; and 3) blocking Fas ligand expression. In mammalian cells, the apoptotic cascade is initiated by loss of integrity of the outer mitochondrial membrane and the associated release of cytochrome c (32) . Cytochrome c in turn results in the cleavage and activation of caspase-9 and the rest of the caspase cascade. Therefore, some studies have hypothesized that AKT protection is secondary to inhibition of cytochrome c release from mitochondria (16) . However, AKT has been shown to increase glucose uptake via increased sarcolemmal Glut-4 expression in rodent and human skeletal muscle (31, 38) . Since it is well known that increased glucose uptake can mitigate many ischemia-induced derogatory effects on myocardial function and viability, it is feasible that AKT protection could result through modulation of glucose metabolism/bioenergetics. At the present time, it is not clear which potential mechanism is most likely to provide protection in our model system.
Summary and conclusions. Data from our previous study showed that heat shock in cultured NRVM is associated with changes in paxillin localization, assembly of an integrin-paxillin-FAK signaling complex, and a reduction in lethal injury in response to simulated ischemic injury. The data from the present study confirm and extend our previous studies by showing that HS causes activation of a series of linked signaling molecules starting at the focal adhesion complex (costamere equivalent in cultured myocytes) and resulting in activation of the well-known cardioprotective protein AKT. Activation of AKT, whether through HS or directly through increased expression of the wild-type AKT protein, protected myocytes from oncotic and apoptotic death. Inhibition of PI3K with wortmannin inhibited activation of AKT and reduced HS-induced protection. These results suggest that myocardial stress activates a cytoskeleton-based survival pathway that may play an important role in protection against acute ischemia-reperfusion injury in ventricular myocardium. Fig. 9 . Effect of FRNK virus on AKT activation. A: NRVM were infected with empty virus (SR) or adenovirus designed to increase expression of FRNK (inhibitor of FAK). Increased FRNK expression had no effect on AKT activation as measured by phosphorylation of AKT at Ser473 compared with myocytes infected with the empty virus (P ϭ NS, FRNK vs. control; n ϭ 4) but reduced the amount of HS-induced activation of AKT compared with myocytes infected with the empty virus (*P Ͻ 0.04, FRNKϩHS vs. SRϩHS; n ϭ 4). y-Axis data are plotted as fraction of empty virus (SR)-infected myocyte levels. The total amount of AKT loaded was not different between the groups. B: NRVM were infected with empty virus (SR) or FRNK virus and subsequently exposed to 10 min of simulated ischemia. Myocytes infected with FRNK exhibited significantly less activated AKT than myocytes infected with empty virus after 10 min of simulated ischemia (*P Ͻ 0.01; n ϭ 4). y-Axis data are plotted as fraction of empty virus (SR)-infected myocyte level. The total amount of AKT loaded was not different between the groups.
